In this work, the optimization of an effective protocol for cell metabolomics is described with especial 2 emphasis in the sample preparation and subsequent analysis of intracellular metabolites from adherent 3 mammalian cells by capillary electrophoresis-mass spectrometry. As case study, colon cancer HT-29 4 cells, a human cell model to investigate colon cancer, are employed. The feasibility of the whole method 5 2 for cell metabolomics is demonstrated via a fast and sensitive profiling of the intracellular metabolites of 6 HT-29 cells by capillary electrophoresis-time-of-flight mass spectrometry (CE-TOF MS). The suitability 7 of this methodology is further corroborated through the examination of the metabolic changes in the 8 polyamines pathway produced in colon cancer HT-29 cells by difluoromethylornithine (DFMO), a known 9 potent ornithine decarboxylase inhibitor. The selection of the optimum extraction conditions allowed a 10 higher sample volume injection that led to an increase in CE-TOF MS sensitivity. Following a non-11 targeted metabolomics approach, 10 metabolites (namely, putrescine, ornithine, gamma-aminobutyric 12 acid (GABA), oxidized and reduced glutathione, 5'-deoxy-5'-(methylthio)adenosine, N-acetylputrescine, 13 cysteinyl-glycine, spermidine and an unknown compound) were found to be significantly altered by 14 DFMO (p<0.05) in HT-29 cells. In addition to the effect of DFMO on polyamine metabolism, minor 15 modifications of other metabolic pathways (e.g., related to intracellular thiol redox state) were observed. 16 17
INTRODUCTION 28
Metabolomics is a valuable tool for investigating cellular responses and to explore the underlying 29 mechanisms of external actions on metabolic pathways. Cell culture metabolomics represents a major 30 opportunity in many different areas (including e.g., discovery of drug targets [1] , biotechnology [2] , 31 phenotype markers [3] , biopharmaceutical production [4] , metabolic flux analysis [5, 6] , foodomics [7, 8] , 32 among others), however, the application of metabolomics in the area of cell cultures is somewhat 33 represents today an important challenge [11] . Among others, the type of cellular organism under study 42 affects the overall sample preparation process, because the leakage of metabolites during sample 43 processing is likely to be dependent on cell wall and membrane structure. Until now, different extraction 44 methods have been presented for intracellular metabolic profiling of different microorganisms [12, 13] , 45 including yeast and bacteria [14] . Several approaches have been reported for the extraction of intracellular 46 metabolites from mammalian cells growing in suspension, such as Chinese hamster ovary (CHO). In this 47 latter case, special attention has been given to the interest of CHO for producing recombinant proteins 48 [15] [16] [17] [18] [19] [20] . The growing mode (adherent or non-adherent) of the different mammalian cells will also be 49 critical for the sample preparation step prior to metabolomics, especially in the first stages of the sample 50 preparation process. In cell cultures all the components of culture media comprise a significant potential 51 source of variability, and thus, to reduce variance in metabolic profile/fingerprint the use of the same 52 6 heat-inactivated fetal calf serum (from Biowest, Nuaillé, France), 50 U/mL penicillin G and 50 U/mL 101 streptomycin (Lonza), at 37 ºC in humidified atmosphere with 5% CO 2 . When cells reached ~50% 102 confluence, they were trypsinized, neutralized with culture medium, plated in different culture plates and 103 allowed to adhere overnight at 37 ºC. To study the effect of DFMO on proliferation of HT-29 line, cells 104
were seeded onto 96-well culture plates at 10,000 cells/cm 2 , permitted to adhere overnight at 37 ºC, and 105 exposed to 4.6 mM DFMO for 0-72 h. After incubation, cell proliferation was estimated by the MTT 106 assay as follows: 0.5 mg/mL of MTT reagent (Sigma-Aldrich) was added and incubated for 3 h at 37 ºC 107 in humidified atmosphere with 5% CO 2 . After incubation, the media was aspirated and 100 µL of DMSO 108 was added to each well to dissolve the formazan (the metabolic product from MTT). Then, the absorbance 109 at 570 nm was measured in a microplate reader Multiskan™ FC Microplate Photometer from Thermo 110
Fisher Scientific (Vantaa, Finland). Results are provided as the mean ± SEM (standard error of the mean) 111 of five replicates. The results were analyzed by the analysis of variance (ANOVA) with Tukey post hoc 112 test and differences were considered significant at p<0.05. To evaluate different protocols for metabolite 113 extraction, 10,000 cells/cm 2 were seeded onto P150 tissue culture dishes, permitted to adhere overnight at 114 37 ºC, and incubated with culture medium for a given time. Cells from different plates were pooled, and 115 after counting, ten million cells were subjected to intracellular metabolite extraction with four different 116 extraction solvents (five replicates each). To study the effect of DFMO on HT-29 line using a 117 metabolomic approach, P150 tissue culture dishes were seeded with 10,000 cells/cm 2 , permitted to adhere 118 overnight at 37 ºC, and incubated with 4.6 mM of DFMO in complete culture medium for 48 h. Three 119 independent experiments were performed to compare metabolic profiles from DFMO-treated and non-120 treated cells. After incubation, cells were subjected to intracellular metabolite extraction as described 121 below. 122 123
Intracellular metabolite extraction7
After incubation, growth medium from culture plates was removed by aspiration, and cells were 125 trypsinized and pelleted [31] . Cells were then washed with 1 mL of cold PBS and counted in a Neubauer 126 counting chamber using a light microscope (ID3, Carl Zeiss, Jena, Germany). After counting, 10 × 10 6 127 cells were subjected to metabolite extraction. 300 µL cold extraction solvent spiked with internal 128 standards (tyramine and methionine sulfone at 125 µM) and 300 mg abrasive 212-300 µm beads glass 129 balls (Sigma-Aldrich) were added to and immediately frozen in liquid nitrogen for 3 min. Thawing was 130 carried out in a ultrasonic bath at 50 Hz (Ultrasons from JP Selecta, Barcelona, Spain). Then, cells were 131 disrupted using a mixer mill MM 400 from Retsch GmbH (Haan, Germany) at a frequency of 30 Hz for 3 132 min. Three cycles of freezing/thawing and mechanical disruption were performed. Cell debris was 133 separated from intracellular metabolic content by centrifugation at 24,000xg for 10 min at 4ºC. When 
Metabolite analysis by CE-MS 140
Metabolic profiling was carried out using a P/ACE 5500 capillary electrophoresis (CE) system (Beckman 141 
metabolites for W, AW, IAW, and ACN, respectively. In Fig. 3 the metabolite coverage overlap is 235
represented by means of a Venn diagram. As can be deduced from this figure, only 27 out of 145 total 236 detected metabolites are common to the four extracts indicating a high complementarity in metabolic 237 information provided by the four solvents. The overall metabolic differences obtained for each extraction 238 solvent was also studied by PCA (supplementary information, Fig. S1 ). PC1 clearly separates water 239 extraction from the other three solvents suggesting metabolic information in water is very different. On 240 the other hand, PC2 is the responsible of the separation between aqueous from organic extracts. As can be 241 observed in the PC1 vs. PC2 plot, the two organic-based extracts are the more similar and their 242 differentiation is explained by PC3 (data not shown). 243
As mentioned above, special focus was put on metabolites related to the polyamines pathway, because of 244 their role in cell proliferation and carcinogenesis [46] . Representative extracted ion electropherograms 245 (EIEs) of 13 polyamine-related metabolites are given in Fig. 4 . As can be seen, the peaks were separated 246 without interferences from other endogenous substances in the samples. Peaks corresponding to 247 polyamine-related compounds were eluted from 4 to 10 min. These compounds (namely, spermine, 248 spermidine, putrescine, acetylspermine, ornithine, arginine, S-adenosylmethionine, adenine, 249 acetylputrescine, S-adenosyl-L-homocysteine, methionine, adenosine, and 5'-deoxy-5'-250 (methylthio)adenosine) belong to the polyamine pathway (vide infra). As indicated above, five injections 251 were carried out for each extraction solvent, and thus, % RSD values of peak areas for the 13 polyamine-252 related metabolites were calculated for each solvent, the results are given in Table 1 . Marked differences 253 in terms of the selectivity of metabolite extraction were observed among the four extraction solvents. AW 254 (Fig. 4A) and W (Fig. 4B) solvents gave the best overall performance in terms of intensity, number of 255 extracted metabolites and repeatability. Only three polyamines-related metabolites were found in higher 256 concentration in the organic-based extracts: acetylspermine and adenosine in ACN extract (Fig. 4C) , and 257 5'-Deoxy-5'-(methylthio)adenosine in the IAW extract (Fig. 4D) , showing in both cases (ACN and IAW) 258 much higher relative standard deviation values (RSD): 9-88%. When W and AW were compared 259 important differences were also found. Spermine and spermidine, as well as adenosine and S-260 adenosylmethionine were found in higher quantity in the AW extract. Spermine, spermidine, adenosine 261 and S-adenosylmethionine were also found in the W extract, although peak intensities were lower. On the 262 contrary, arginine, adenine, S-adenosyl-L-homocysteine, methionine, and 5'-deoxy-5'-263 (methylthio)adenosine, were found in higher quantity in the W extract. Unfortunately, putrescine and 264 ornithine, were not detected using any of the four selected extraction solvents and analysis conditions. 265
Moreover, it was also observed that the best repeatability values for metabolites extraction were obtained 266 using W with %RSD ranging from 6 to 9 % (see Table 1 ). 267
In order to evaluate the extraction protocol in more detail, additional evaluation of the data using principal 268 component analysis (PCA) was performed (supplementary information, Fig. S2 ). PC1, which explains the 269 most of the data total variance (45%), revealed that W was the most different solvent among the four 270 extraction solvents. Arginine, adenine, S-adenosyl-L-homocysteine, methionine are directly correlated 271 with PC1, and as mentioned before, they were found at higher levels in W extract. PC2 explains 31% of 272 the total variance of the data and segregates AW extract from the other three solvents. PC2 is directly 273 correlated with adenosine indicating higher levels of that metabolite in IAW, ACN and W solvents. 274
However, PC2 inversely correlates with spermine, spermidine and S-adenosylmethionine that are found at 275 higher concentrations in the AW extract. Overall, extraction with W provided better repeatability and 276 higher number of small-size compounds were detected when a non-targeted analysis was carried out and, 277 therefore, water was selected as extraction solvent for the following experiments. 278 279
Evaluation of intracellular metabolic extraction: Effect of DFMO on HT-29 proliferation 280
In order to evaluate both the antiproliferative effect of DFMO on colon cancer cells and the usefulness of 281 the proposed methodology, HT-29 cells were incubated with 4.6 mM of DFMO for 24, 48 and 72 h and 282 cell proliferation compared to the non-treated HT-29 cells (control) was analyzed by the MTT assay. 283
After 24 h, no statistically significant differences were observed between the viability of control and 284 treated cells. However, a reduction of ~20% of the cell proliferation was observed at 48 h (p-value = 285 0.002), while DFMO exhibited its maximum antiproliferative effect at 72 h, decreasing the cell viability 286 in ~40% (p-value = 0.0002). DFMO is an inhibitor that blocks the action of ornithine decarboxylase 287 (ODC) [47] , an enzyme that produces the decarboxylation of ornithine into putrescine, which is the first 288 step of polyamine biosynthesis (see Fig. 5 ). Polyamine biosynthesis has been shown to be necessary for 289 cell proliferation, and plays a crucial role in rapidly dividing cells such as cancerous cells [48, 49] . 290 Using the extraction protocol described above (see Fig. 2 ) and water as extraction solvent, larger sample 291 volumes could be injected in the CE capillary without compromising the CE current stability. Therefore, 292 up to 60 nL could be injected in the CE-MS system. This brought an increase of sensitivity, and 13 293 polyamine-related metabolites could be detected, namely, spermine, spermidine, putrescine, 294 acetylspermine, ornithine, arginine, S-adenosylmethionine (SAM), adenine, acetylputrescine, S-adenosyl-295 L-homocysteine (SAH), methionine, adenosine, and 5'-deoxy-5'-(methylthio)adenosine (MTA). 296
Compounds related to the polyamine pathway mapping were first studied comparing the HT-29 cells 297 treated for 48h vs. control cells. Significant depletion of spermidine and spermine as well as putrescine, 298 acetylspermine and 5'-deoxy-5'-(methylthio)adenosine was observed after DFMO cell treatment. 299
Spermidine is derived from putrescine by addition of an aminopropyl group via spermidine synthase, and 300 spermine is derived from spermidine by addition of another aminopropyl group catalyzed by spermine 301 synthase. According to that, the observed putrescine and spermidine depletion was in good agreement 302 with the expected activity of DFMO. Moreover, ornithine, which could not be detected under the 303 analytical conditions described in the previous section "Intracellular metabolite extraction from HT-29 304 cells", was detected in a greater amount in DFMO-treated cells when higher amount of sample was 305 injected. These results are also consistent with the selective blockade of the ODC enzyme by DFMO. A non-targeted metabolomic approach was also carried out with the aim to gain insight into other 313 metabolic pathways that could be altered upon DFMO treatment. In order to extract the most significant 314 differences between treated HT-29 cells with respect to the control cells, 70 detected metabolite 315 compounds were aligned and subjected to statistical analysis. Among the 10 significantly different 316 metabolites detected applying an ANOVA (p-value set at 0.05), cysteinyl-glycine was assigned by 317 matching the experimental mass spectra with information contained in HMDB, METLIN and KEGG 318 databases. Eight out of ten metabolites significantly altered were first tentatively identified by using 319 metabolite databases and they were next confirmed by standard co-injection, while only one metabolite 320 (170.067 m/z migrating at 7.1 min) remained unknown. [53]. Polyamines have a recognized reactive oxygen species scavenger function [54, 55] . Thus, the 335 observed changes in GSH levels can be explained as the cellular response to altered ROS levels occurring 336 upon intracellular polyamine depletion induced by DFMO-treatment. As mentioned before, the dipeptide 337 cysteinyl-glycine, the GSH catabolite generated by gamma-glutamyltranspeptidase, significantly 338 increased in DFMO-treated cells. Cysteinyl-glycine has been suggested to participate in GSH 339 homeostasis, controlling GSH synthesis, and therefore, affecting the antioxidant defense of the cell [56] . 340
In addition, decreased levels of gamma-aminobutyric acid (GABA) in DFMO-treated cells compared to 341 control cells, were observed. GABA accumulation in several tumor processes [57-59] including colorectal 342 cancer [60] has been well documented. Specifically, diamine oxidase is responsible for GABA generation 343 from putrescine, and increased levels of this enzyme have been associated with higher malignancy 344 probability in cancer progress [58] . Furthermore, there is certain feedback between GABA levels and 345 polyamine biosynthesis since the former metabolite stimulates ODC activity [61, 62] . Thus, increased 346 GABA levels induce ODC activity resulting in higher putrescine levels, which is in turn a precursor of 347
GABA. 348 349

CONCLUSIONS 350
An effective protocol for metabolomics of adherent mammalian cells has been developed in this work. 351
The protocol allows intracellular metabolite extraction and normalization prior to metabolomic analysis, 352 making possible a quantitative comparison of cell metabolomic profiles. Our method comprises a reliable 353 sample preparation step to extract metabolites with especial emphasis on polyamine related metabolites 354 from HT-29 cell line. Although acidified water gave best extraction yields for spermine, spermidine, 355 adenosine and S-adenosylmethionine, extraction with water gave better yields for arginine, adenine, S-356 adenosyl-L-homocysteine, methionine, and 5'-deoxy-5'-(methylthio)adenosine. Furthermore, this last 357 polyamine compound was not detected in acidified water extract. The selection of water as the optimum 358 extraction solvent for polyamines profiling led to an increase in CE-TOF MS sensitivity by means of a 359 higher sample volume injection, by which putrescine and ornithine could be detected. These two 360 compounds together with 8 more metabolites, namely gamma-aminobutyric acid (GABA), oxidized and 361 reduced glutathione, 5'-deoxy-5'-(methylthio)adenosine, N-acetylputrescine, cysteinyl-glycine, 362 spermidine and an unknown compound were found to be significantly altered (p<0.05) by DFMO 363 following a non-targeted metabolomics approach. This finding indicates that DFMO treatment especially 364 affects the polyamine metabolism, and other relevant metabolic pathways (e.g., related to intracellular 365 thiol redox state) as well. The results from DFMO treated and control cells corroborate the usefulness of 366 the whole method for intracellular cell metabolomics. Besides, the protocol showed to be robust and 367 reliable for intracellular metabolic profiling of HT-29 cells. CE-TOF MS is particularly suited for the 368 rapid separation of ionic, weakly ionic, and/or highly polar metabolites with very high resolution using 369 minimal volumes of reagents and sample. Taking into account this last point, further improvements on 370 sample preparation using less quantity of cells and less extraction solvents are therefore affordable 371 without analytical limitations. However, when using one single analytical technique for a particular 372 metabolomic study it has to be assumed that a significant bias is introduced into the final results. It would 373 be therefore important to point out that in order to provide more global metabolomic information, a 374 combination of NMR, GC/MS, LC/MS and CE/MS for metabolomics analysis should be ideally 375
employed. 376 377
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